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Abstract: Single-channel SQUID system technology, op-
erating at a noise level of 100’s of aT/

√
Hz, enables the

non-invasive detection of synchronized spiking activity at the
single-trial level via magnetoencephalography (MEG). How-
ever, when combined with simultaneous electroencephalog-
raphy (EEG) recordings, the noise performance of the ultra-
sensitive MEG system can be greatly diminished. This issue
negates some of the complementary qualities of these two
recording methods. In addition, typical electrical components
required for electrical stimulation of peripheral nerves, a com-
mon method for evoking specific brain responses, are also ob-
served to have a detrimental influence on ultra-low MEG noise
performance. These effects are caused by electromagnetic in-
terference (EMI) and typically preclude single-trial detection.
This work outlines, how careful design allows a significant re-
duction of the impact of EMI when these different electronic
systems are operated concurrently. This optimization enabled
the simultaneous single-trial detection of synchronized spiking
activity using these two highly sensitive recording modalities.
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1 Introduction

The combination of magneto- and electroencephalogra-
phy (MEG/EEG) for simultaneous recording is a common
paradigm in the field of neurology [1–3]. The low electrical
conductivity of the skull and scalp strongly influences the elec-
trical potential at the head surface and limits accurate source
localization in EEG. On the other hand, the magnetic perme-
ability of these body parts is nearly that of free space and con-
sequently the magnetic field is not distorted in MEG [4, 5].
This means MEG is less dependent on volume conductor mod-
eling than EEG. However, MEG, unlike EEG, is unable to de-
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tect radial currents [6]. Therefore, their combination can be
used to obtain more accurate source localization [7]. A signif-
icant advantage of both methods is their high temporal resolu-
tion in the millisecond range.

Most commercially available low-noise SQUID-MEG de-
vices operate at noise levels of around 2 fT/

√
Hz, and any

noise increase with simultaneous EEG recording is almost
negligible. While these devices have been used successfully
for the investigation of post synaptic potentials with frequen-
cies of up to some hundred Hz, they are unable to detect
high frequency oscillations (HFO) > 500 Hz without averag-
ing. Recent advances in ultra-sensitive, single-channel SQUID
system technology achieved white noise levels below 300

aT/
√

Hz [8, 9] and enabled the single-trial detection of high
frequency somatosensory evoked responses (hfSERs) follow-
ing electrostimulation of the median nerve [10]. Of partic-
ular interest is the so-called 𝜎-range of 450 − 850Hz as
they represent a macroscopic marker of synchronized cortical
spiking activity [11] and its single-trial detection allows the
non-invasive investigation of neuronal processing. Ultimately,
a multi-channel MEG system combined with multi-channel
EEG would allow for spatially resolved measurements of this
spiking activity, further reducing the gap between invasive and
non-invasive measurements.

In this work, we show that the combination of ultra-
sensitive MEG and EEG leads to significant technical chal-
lenges. Careful optimization of the entire MEG/EEG hardware
is required to maintain an MEG noise performance below 500

aT/
√

Hz in the 𝜎-range. The minimization of these destruc-
tive noise effects allowed us to perform simultaneous bimodal
MEG/EEG recordings of hfSERs at the single-trial level.

2 Methodology

In our setup for simultaneous ultra-sensitive MEG/EEG
recordings, an 8-channel EEG is mounted onto the region
close to the somatosensory cortex with the single-channel
MEG sensor positioned above. The electrode leads run from
the subject’s head under the MEG sensor to a breakout box in-
side a moderately magnetically shielded room (MSR) [12]. A
(ribbon) cable is used to attach this breakout box to the low-
noise EEG amplifier [13] with in-built data acquisition outside
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Fig. 1: Basic 2-channel EEG phantom used for optimization of
the combined low noise EEG & MEG setup. (A): Picture showing
the low noise SQUID sensor head above the EEG phantom. (B):
Circuit Schematic of the EEG phantom.

the MSR. An optical cable feeds into an interface which con-
nects the control laptop via an USB cable. The entire hardware
is located inside an RF shielded room.

For optimization, we reproducibly recreated an EEG
recording setup by deploying a basic EEG phantom, see Fig-
ure 1. A cylindrical container was filled with a saline solution
of 0.17% NaCl which mimics the conductivity of the brain
0.29± 0.005S/m [14]. For low-noise EEG, an electrode-scalp
impedance of 1kΩ can be achieved [15], while the capacitance
between the electrode gel and the scalp is roughly 50nF [16].
Hence, a 47nF capacitor was connected in parallel to a 1kΩ re-
sistor with one end submerged into the solution. This was done
twice to recreate a 2-channel EEG, one signal and one ref-
erence channel, enabling the reproducible generation of EEG
noise effects without requiring a subject.

A thorough examination of the stimulation system, to-
gether with its trigger recording, was also required to identify
sources of EMI from the stimulator hardware to the ultra-low
noise SQUID system which can easily occur. Of particular im-
portance is the avoidance of radio frequency interference (RFI)
which has been shown to increase the SQUID noise [17, 18].
Through multiple concurrent recordings of MEG/EEG with
the stimulation electronics operated, sources of interference
were determined and mostly eliminated by adhering to the fol-
lowing guidelines:
– Provide proper shielding to cables entering the MSR with

good electrical connection to the system ground.
– Keep electronic devices and electronic systems as far

apart as practicable to prevent electronic coupling (EC).
– Avoid where possible parallel cables to reduce EC.

With the optimized setup, we then performed concurrent low-
noise 8-channel EEG and single-channel MEG for subjects
during resting state (subject in position under dewar, no stim-
ulation occurring) and following electrostimulation of the me-
dian nerve to detect hfSERs at the single-trial level for both
modalities.

Fig. 2: Schematic of the optimized MEG/EEG setup operated
inside an MSR and RF shielded room. Physical separation of
SQUID and stimulation hardware results in minimal coupling and
is required for ultra-low noise performance.

3 Results

3.1 Minimization of EMI

We first describe the measures which led to significant im-
provements in MEG noise performance. This is not a complete
description but gives the major contributions. A schematic of
the noise optimized combined MEG/EEG setup is shown in
Figure 2.

The connecting cable into the MSR between the EEG am-
plifier and the break out box is critical and requires good elec-
trical shielding and an RF-tight feed-through. This is the case
as some of the EEG electrodes are positioned directly under
the MEG system and can therefore easily couple RFI to the
SQUID system. In addition, guiding the EEG electrodes cables
away from the sensor head (preferably to one side) helps to re-
duce coupling. The breakout box itself, also acts as a source
of RFI, presumably due to leakage RF noise from the EEG
amplifier and was positioned as close as possible to the inside
wall of the MSR. The minimization of the coupling between
the hardware operating the SQUID system (including its data
acquisition) and the stimulator unit requires physical separa-
tion. They are on opposite sides of the RF-shielded room. With
these measures in place, concurrent single-channel MEG and
8-channel EEG following median nerve stimulation of a sub-
ject was conducted.

Thanks to the described changes, a significant MEG noise
reduction was achieved, thereby increasing the sensitivity of
the device. The improvement can be seen when comparing
A and B in Figure 3. Here we show the noise spectral den-
sity (NSD) of the MEG system for various conditions. Though
different subjects and gradiometer configurations were used
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Fig. 3: Noise spectral density of the MEG system for the (A) non- and (B) optimized setup. Note, for (A) the use of a second and then
for (B) first order gradiometer leads to a white noise of approximately 300 aT/

√
Hz and 260 aT/

√
Hz in the empty room respectively. Op-

eration of additional hardware (EEG and stimulation) leads to significantly worse noise performance before optimization of the setup
minimizes this effect.

between the recording sessions, one can clearly identify addi-
tional noise contributions.

Resting state MEG is characterized, in addition to low fre-
quency brain activity, by a higher white noise in the kHz range
compared to an empty room measurement and stems from a
combination of body noise and residual RF interference in the
MSR [9]. For the non-optimized set-up, combination of MEG
with simultaneous EEG results in significantly higher white
noise which is caused by RFI of the non-optimized EEG set-
up. During stimulation, the MEG noise increases dramatically.
The white noise is now of the order of 1 fT/

√
Hz, again caused

by additional RFI. Discrete peaks at the power line harmon-
ics are dominant. Note, this performance might be considered
adequate for standard MEG systems.

For the optimized set-up, in addition to the brain signals
at low frequency, a slightly elevated white noise is observed
with simultaneous operation of the EEG system during resting
state. Upon stimulation, the white noise performance does not
increase and remains at about 300 aT/

√
Hz. For the resting

state and the stimulation measurements, only discrete peaks of
currently unknown origin at about 1.5 kHz and 8 kHz appear.
However, the physiologically relevant 𝜎-band is unaffected.

3.2 Simultaneous bimodal single-trial
detection of hfSERs

We can see the MEG/EEG results in this 450 − 850 Hz range
in Figure 4. Each stimulation epoch is stacked on top of each
other, and these hfSERs can be seen at a single-trial level in
both modalities. While the MEG data were single-channel, and
show a maximum peak-to-peak value of approximately 50 fT,
consistent with earlier work [10], the EEG data are a com-

bination of all 8 channels. It uses a common spatial pattern
algorithm (CSP) [19] which maximizes discriminability be-
tween system noise and this 𝜎 burst. The alignment of single-
trial phases is clearly visible as formation of vertically oriented
bands in the response window (15-30 ms).

Fig. 4: Time-amplitude resolved detection of single-trial hfSERs.
Single trials after bandpass filtering (450 to 850 Hz) were vertically
stacked in chronological order with amplitudes coded in color sat-
uration. (A) is MEG, (B) is EEG with the use of a CSP. Stimulation
artifacts in the beginning of the single trials were digitally removed.
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4 Conclusion

In this work, we demonstrated that careful hardware optimiza-
tion allows mitigation of EMI impacting an ultra-low noise
SQUID system which is caused by operating several electronic
systems simultaneously with the highly sensitive device. Al-
though the guidelines are particularly important for SQUID
technology which is known to be susceptible to RFI, they can
be applied to any sensitive magnetometry setup where ultra-
low noise performance is required. The achieved improve-
ments allowed us to measure hfSERs at the single-trial level
in both MEG and EEG simultaneously. This work provides the
technological foundation for our future bimodal ultra-sensitive
multi-channel MEG/EEG instrumentation.
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